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ABSTRACT: Charcoal is one of the major energy sources for household applications in urban areas of developing countries. It is often made from natural forest and accelerates forest depletion. The aim of this work is to evaluate the use of jatropha oil for combustion in vaporizing burners. This paper presents laboratory tests on a burner whose nominal output power is 7.5kW. The burner had to be modified because of the high viscosity of jatropha oil and for cold start, as the oil flash point (240°C) is much higher than the fuel oil flash point (55°C). The pollutants emissions and the thermal performance are analyzed for three firing rates. The burner meets EN1 standards at high firing rate. Unburned emissions were found to be higher for middle and low firing rates..
Keywords: jatropha curcas, renewable energies, households applications
1
INTRODUCTION

Biomass from fuel wood and charcoal dominates the Sub-Saharan countries energy supply for household applications. Inefficient and unsustainable cooking practices can have serious implications on health because of indoor pollution and on environment, such as land degradation and air pollution [1]. However, it is not evident that fuel wood causes forests depletion because fuel wood is often collected from roadside and trees outside forests rather than from natural forests [1, 2]. On the other hand, charcoal is usually produced from forest resources and places a strain on biomass resources [1]. People from urban areas like charcoal because it does not produce a lot of smoke and has a higher carbon content so that its calorific value is twice that of wood and lasts longer [3]. It is also considered as affordable, economical and convenient. Another fuel that is commonly used is kerosene. It is the most common fuel among poor urban households, who use it for cooking, lighting and water heating because it is considered as quick and easy to use [4].

The main objective of this study is to develop a burner that could be used with jatropha oil for combustion in stoves, cookers and hot water boilers in order to replace charcoal or kerosene in urban and poor urban areas. In fact, the jatropha oil could also be used by people located in remote areas but people coming from these areas are not ready to pay for cooking fuel; they rather burn crops residues or dung [2].

Jatropha curcas is a plant belonging to the family of Euphorbiaceae and native from the American Tropics. Now it is cultivated in many parts of the world, in the tropics and subtropics in Africa and Asia. The plant is easy to grow and is drought tolerant. Its wood and fruit can be used for numerous purposes including soaps, cosmetics, medicines, fertilizer, pesticides [2]. Many researchers have studied jatropha curcas because its fruits contain oil that could be of high importance in fossil fuels substitution. The plant oil was applied for fuelling engines or heat generators [2, 5-10]. The use of edible oil for fossil fuel substitution has recently been of high concern because of its competition with food production [11]. Jatropha oil has the advantage to be non-edible and thus, fuel production from jatropha does not compete with food materials. Jatropha plantation can also be used to reclaim eroded land and other problematic sites. For these reasons, growing jatropha has been promoted by governments and NGO's for economic and environmentally sustainable rural development and to make rural areas self sufficient in energy. However, it is important to analyze the market and all the aspects of the oil production and uses. Promoting this plant should not be to the detriment of other uses and other plant products, analyzing the economics of growing and producing the oil, the appropriateness of the fuel substitute.
2
VEGETABLE OILS AS HEATING FUEL
Physical properties of vegetable oils are different from fuel oil properties when used as heating fuels. Table 1 compares physical properties of various vegetable oils to classical fuel oil.

The higher heating value of vegetable oils is on average 13% lower than the ones of diesel fuel or kerosene. This reduction in the heating value is due to the chemically bonded oxygen in vegetable oils. Thus, it is necessary to inject more vegetable oil to keep the same useful power on a mass basis. As the vegetable oil density is on average 10% higher than the fuel oil density, it changes the volumetric oil input and the power output is almost unchanged on a volume basis.

The vegetable oil viscosity is also greater than the fuel oil viscosity because of larger molecular mass and size of vegetable oil molecules (3cSt for diesel fuel compared to 30-40cSt for vegetable oils at 40°C) [12]. Diesel is a hydrocarbon with 8-10 carbon atoms per molecule but jatropha oil has 16-18. Thus the oil is much more viscous and has a lower ignition quality [2]. For some applications, mainly for their use in diesel engines, it will be necessary to reduce oil viscosity in order to allow good oil vaporization and thus, good mixing of fuel and air. Researchers propose different ways to reduce the vegetable oils viscosity.

One way is to blend the oil with diesel fuel [9, 13, 14]. Alonso et al. [13] have burnt different blends of diesel and rapeseed oil into a non-modified diesel boiler in order to determine the combustion characteristics of the blends. The burner was a pulverization burner working under pressure (typically 12 bar) with a non-return nozzle. The allowed fuel viscosities for the burner must be below 10cSt at 20°C. That is why the maximum mixing rate was 30% of rapeseed oil into diesel. An increase in combustion efficiency is reported.

Another way to reduce viscosity is to heat the oil before fuel air mixing as viscosity is a decreasing function of temperature. Chauhan et al [5] have tested a preheated jatropha oil in a diesel engine. They reported that 80°C is the optimal fuel inlet temperature considering the good operation of the engine. 

Microemulsion of vegetable oils with solvents such as methanol, ethanol and butanol is also a potential solution to reduce the oil viscosity [12, 15]. 

Finally the most promising way and the most accepted method is to use the oil transesterification because it drastically reduces oil viscosity and increases the cetane number [10, 12, 15-20]. The vegetable oil chemically reacts with methanol to produce methylester and a certain amount of glycerin. Furness et al. [21] have tested a range of biofuels in a domestic oil fired heating system. They showed that biodiesel can achieve good results in pressure jet burners. Barnes et al. [22] have tested biodiesel blended with kerosene in a vaporizing burner. The burner did not properly work even with low mixing rate of biodiesel into kerosene (5%). Fouling and blockage of the burner appeared, even after a short period of time. On the other hand, Wagutu et al [23] have tested fatty methylesters (FAME) from various oil plants from Kenya into a wick burner (a kind of vaporizing burner used in cooking stoves). It was shown that the FAME fuels burnt with transparent blue flame but gave a power output 20% lower than kerosene. The authors conclude that FAME fuels could be an alternative source for cooking and heating in developing countries. However, the transesterification process is complex and requires reaction vessels and energy inputs such as electricity and heat. It could be very difficult to realize by people located in the remote areas. That is why neat jatropha oil has been tested in this study on a vaporizing burner. In internal combustion engines, it is well known that straight vegetable oil combustion causes deposits on injector nozzles, pistons, piston rings and cylinder walls [24]. The same problem also appears in heat burners : there are deposits inside the vaporizer. Kratzeisen and Müller [8] have tested jatropha oil in a pressure stove and found that some oil parameters such as the acid value, the water content and  the ash content influence the deposits formation.

Besides the high viscosity of vegetable oils, their flash and fire points are also properties of high importance in vaporizing burners. These burners are pots perforated with holes for the entrance of the combustion air. The fuel flows in the bottom of the pot by gravity and is vaporized on the hot surface. The plant oils have flash points four to five times higher than diesel or kerosene. In fact, the flash point of diesel fuel is around 55°C while it is around 240°C for the jatropha oil. This could be a problem at start-up to have enough fuel vapor to start and maintain the combustion process. A high flash point is nevertheless profitable in terms of safety as there is a little risk of fire hazards compared to diesel or kerosene.
Table 1: Properties of diesel and some vegetable oils
	Properties
	Unit
	Diesel
oil
	Rapeseed oil
	Soybean oil
	Jatropha oil
	References

	HHV
	[MJ/kg]
	42.9 - 45.2
	37.6 – 39.7
	39.6
	39.0 – 39.4
	[7-9, 13, 25, 26]

	LHV
	[MJ/kg]
	42.2 – 42.7
	36.8
	37
	37.1 – 37.5
	[5, 8, 13, 27]

	Kinematic viscosity

(at 40°C)
	[cSt]
	2.5 – 3.2
	35.1 – 37.3
	32.6 – 33.1
	33.0 – 35.5
	[5, 7, 9, 12-14, 25-28]

	Density 
(at 15°C)
	[kg/m³]
	830 - 872
	911 - 921
	914 – 925
	912 - 925
	[5, 7, 9, 12-14, 25-28]

	Flash Point
	[°C]
	55 - 86
	245 - 258
	255
	238 - 243
	[5, 7, 9, 12, 25, 26, 28]


3
MATERIAL USED AND METHOD FOR EXPERIMENTATION
3.1
Jatropha oil
The jatropha oil used in this study has been pressed in Belgium and the seeds came from Togo. The physical and chemical properties of the jatropha oil are listed in Table 2.
Table 2: Properties of the tested oil
	Properties
	Jatropha Oil

	C (%)
	76.8

	H (%)
	12

	O (%)
	11.2

	Kinematic viscosity (at 20°C) [cSt]
	76.89

	Kinematic viscosity (at 40°C) [cSt]
	34.82

	Lower heating value  (MJ/kg)
	37.21

	Higher heating value (MJ/kg)
	39.50

	Density 15°C (kg/m³)
	999.6


3.2
Experimental setup
The burner that is studied is an oil vaporizing burner produced by Socomef company in Belgium (
Figure 1
). Its nominal output is 7.5kW and its nominal fuel oil flow rate is 0.85kg/h. The burner meets EN1 emissions standards for class 2 appliances [29, 30]. Indeed for this class, the efficiency must be above 75%, CO emissions below 400mg/MJ and the Bacharach index below 2 for fuel oil or kerosene.

The burner is made of stainless steel and is composed of a double wall pot with holes to allow the combustion air. A catalyst is placed inside the pot and stabilizes the flame. The catalyst can have different shapes, the one that has been used is shown on Figure 2. The burner characteristics for fuel oil combustion are listed in Table 3 and Figure 3 gives the burner dimensions. On the test bench, the burner is placed inside a steel case or firebox provided with a ceramic window. A simplified representation of the experimental setup is shown on Figure 4. The firebox is connected to the chimney where the hot flue gas are vented by natural draught. The fuel tank is placed next to the firebox. It is connected to the burner from the tank to a needle valve through a 8 mm diameter silicone tube and through an insulated copper tube from the needle valve to the burner. The stove is usually provided with a carburetor, which is a constant level chamber equipped with a valve that is used to control the heat output. It was not possible to install it on the system because of the high viscosity of jatropha oil. The carburetor slots (1.5mm or 3.5mm) were too small to allow a sufficient jatropha oil flow rate. The tank was continuously weighted during the tests in order to measure the fuel consumption. The test procedure was based on standards for fuel oil stoves tests with vaporizing burners [30]. The ambient and combustion air temperatures were measured by thermocouples protected with screens to avoid radiation errors. Fuel temperature was evaluated by contact with a thermocouple placed on the copper tube just before the burner. Another thermocouple has been placed below the burner to measure the surface temperature of the burner bottom. The flue gas temperature was measured at the stack. The flue gas composition was continuously analyzed at the chimney: NOx was measured by chemiluminescence, O2 measurement was performed by an electrochemical sensor and CO and CO2 were measured by NDIR. The flue gas was regularly pumped onto a filter so that the smoke content could be evaluated by comparison with the Bacharach scale.  
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Figure 1: Vaporizing oil burners and catalysts produced by Socomef 
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Figure 2: Tested catalyst made of stainless steel
Table 3: Burner characteristics (dimensions related to 
Figure 3
)
	Model
	8"

	Nominal output [W]
	7500

	A [mm]
	215

	B [mm]
	188

	C [mm]
	175

	D [mm]
	198

	E [mm]
	175
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Figure 3: Burner dimensions
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Figure 4: Experimental setup
3.3
Calculation
For each test, the system energy balance was calculated by the equation (1) in order to evaluate the system efficiency and to check measurements.
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In Eq. (1), 
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is the energy content that is lost in the fumes at the stack and 
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is the ambient loss which is the useful effect in the case of a stove. 

The air contribution is given by equation (2) where the air enthalpies are calculated at temperatures before entering the burner (
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is calculated by an oxygen balance knowing the fuel composition and O2 and CO2 concentrations measured at the chimney.
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The fuel contribution before combustion is calculated by Eq. (3) but this term is usually neglected as the fuel specific heat is negligible compared to the heating value of the fuel.
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The heat input is given by Eq. (4) where LHV is the lower heating value of the fuel defined at 25°C and 
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the fuel flow rate that is weighted.
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The sensible heat loss at the chimney is given by Eq. (5). 
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Thus, the system efficiency can be deducted and is given by Eq. (6) on a lower heating value basis. If the reactants contributions are neglected, the efficiency is given by Eq. (7).
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If the efficiency is reported on a higher heating value basis, it is calculated by Eq. (8) because latent heat of the vapour in the flue gas must be taken into account.
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3.4
Start-up
The normal procedure to start the stove with fuel oil is the following. First, the catalyst has to be removed. The carburetor valve is placed on the smallest flow rate. When a small amount of oil appears in the burner bottom, the burner is lit with a wooden match. The catalyst is then replaced and begins to vaporize the fuel. At this low firing rate, the flame is blue. After 30 minutes, the whole system is at operation temperature and the fuel flow rate can be tuned.

The stove has been started with jatropha oil following a similar procedure but, at first, it was not possible to start the system only with jatropha oil without modifying it because of the high flash point of jatropha oil (240°C compared to 55°C for diesel fuel). Different solutions were proposed to modify the system:

- to heat the oil before entering the burner. 

- the use a wick. 

- to start with diesel or kerosene and switch afterwards to plant oil. 

The second solution has been chosen as it did not require many modifications. A system that improves the capillarity effect has been placed at the bottom of the burner to help the fuel to vaporize and the flame to propagate. The procedure to light the burner without carburetor is the following. The first step is to completely open the fuelling valve until the oil is visible in the center of the burner. From this moment, the valve is closed. One or two paraffin strips are used to light the oil by throwing them into the burner. When a flame appears, the catalyst is placed in the center of the burner and the door of the firebox is closed. After fifteen to thirty minutes, the valve is reopened to get the desired power output. Prior to the combustion tests, fuel flow rates tests were performed to calibrate the valve positions to get reproducible flow rates. The plant oil flow rate was not easy to stabilize as the carburetor was not installed. Combustion tests were performed at three fuel flow rates: 0.8kg/h, 0.45kg/h and 0.25kg/h. Figure 5 shows the different steps of the procedure reported on the flue gas temperature and on the temperature of the bottom of the burner at middle firing rate. When the burner is lit, the bottom temperature increases until 120°C. Then, it decreases when the fuelling valve is reopened as cold oil enters the burner. The temperature of the bottom of the burner is 245°C after 25 minutes, which corresponds to the flashpoint of jatropha oil. A stabilized period of 2 hours is chosen when natural draught does not change of more than 1Pa in one hour and the measured temperatures remain constant to average the measured values for calculations. 
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Figure 5: Temperature of the bottom of the burner and flue gas temperature

4
RESULTS AND DISCUSSION
The tests results are reported in 
Table 4
. At high firing rate, the oil flow rate is around 0.8 kg/h which is the maximum flow rate that can be delivered by the fuelling valve. As the calorific value of jatropha oil is lower than fuel oil, the nominal power output is 11% lower than fuel oil nominal output. The temperature of the combustion gases at the stack is around 300°C. So, the system efficiency is around 80% on a lower heating value basis. It is important to note that the firebox is not optimized for the burner and is only used to characterize the burner. Thus the efficiency can still be improved. The total hydrocarbons emissions could not be measured but the CO level and Bacharach index are good images of the unburned in the flue gas. CO emissions are quite low (43 ppm on average – 25mg/MJ) and the Bacharach index is only 1. The burner properly works at high firing rate: emissions are lower than EN1 emissions standards and thermal efficiency is higher. At middle firing rate, the system thermal efficiency stays good (78%). However, CO emissions and the Bacharach index increase to 835ppm (450mg/MJ) and 3 respectively. There are unburned species in the combustion gases and it shows that combustion efficiency has decreased. At low firing rate, the overall thermal efficiency is similar (79%). CO emissions are lower compared to the middle firing rate (205mg/MJ) but the Bacharach index is also 3. Regarding to EN1 standards, the burner still operates quite well at low and middle firing rates. CO and soot emissions could be improved for these firing rates. This increase in unburned species at middle and low firing rates can be caused by bad oil vapor and air mixing. Natural draught is the major driving force to mix fuel vapor and air. It occurs when a depression is generated by low density heated combustion gases in the firebox and chimney. Higher the temperature is and higher the draught is. The challenge is to have enough draught to have a good mixing between oil vapor and air and, at the same time, the lowest sensible heat lost at the chimney to have the highest thermal efficiency. When the firing rate decreases, combustion gases temperature decreases and natural draught decreases. If the mixing mechanism is too weak, it will lead to inefficient combustion and unburned emissions will increase. There could be some improvements to realize in the mixing mechanism inside of the burner. This could be realized through other catalyst shapes. Another cause of high CO emissions can come from a too high quantity of combustion air. In fact, if the excess air is too high, it leads to low flame temperature and the fuel is not completely oxidized. In this kind of burner, air is naturally draught and there is no combustion air regulation. The O2 level cannot be tuned to the fuel quantity. The high level of O2 measured at the chimney shows that the burner operates very air-rich at middle and low firing rates. 

Note also that the flame color is yellow at high firing rate (see Figure 6) and starts to be blue as the firing rate decreases. This behavior is the same as for fuel oil combustion. 
It is also interesting to note that after the tests, the jatropha oil supply circuit has been washed and a green deposit was noticed. This deposit could come from copper oxidation. 

Finally, fuel oil was tested in the same modified burner. The tested fuel is a diesel commonly used in Belgium for space heating applications and also known as mazout in Europe. It was found that the modified burner did not properly work with diesel fuel. Soot and CO emissions were very high.
Table 4: Tests results for jatropha oil combustion at three firing rates
	
	Unit
	high 
firing 
rate
	Middle 
firing 
rate
	Low firing rate
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	g/h
	812.5
	461.5
	240

	CO2
	%
	7.9
	4.7
	2.7

	CO
	ppm
	43
	835
	414

	NOx
	ppm
	25
	23
	20

	O2
	%
	10.8
	14.9
	17.5

	Bacharach
	-
	1
	3
	3

	Draught
	Pa
	-10.3
	-8.2
	-6.2

	Flue gas
temperature 
	°C
	302.7
	207.6
	132.2

	Power output
	W
	6734
	3619
	1965

	Efficiency 
(LHV)
	%
	79.7
	77.8
	78.8

	Efficiency (HHV)
	%
	75.5
	73.3
	74.5
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Figure 6: Flame at high firing rate
5
CONCLUSIONS 

Jatropha oil has been burned into a vaporizing burner that can be used for household applications (boilers, cookers). The burner had to be modified for jatropha oil combustion for two reasons: 

· Jatropha oil is more viscous than fuel oil and the initial fuel supply system did not allow enough plant oil into the burner. A valve replaced the carburetor for the tests but in the end, it should be modified in order to use jatropha oil as the carburetor regulates the flow regulation and for security reasons, because it has a security valve that can shut the fuel if the fuel level becomes too high.

· Moreover, it was impossible to start the burner without modification as the oil flash point (240°C) is much higher than fuel oil flash point (55°C).  

Pollutants emissions and thermal performances were measured at three firing rates. It was found that the burner meets EN1 standards for fuel oil class 2 appliances at high firing rate. At low firing rate, the burner meets the standards for class 3 appliances because the bacharach index is too high. At middle firing rate, CO emissions are 12.5% higher than the standard limit and Bacharach index is 3. There are still some improvements to realize to have a proper function of the burner over the whole output range.
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